Abstract
I. INTRODUCTION The projected trend towards reliable high-speed communications has intensified the need for broadband access and services. Telecommuting, Internet access and enhanced multimedia services are typical instances where high data throughput is a prerequisite. While high speeds are readily achievable on the fiber internet backbone, the provisioning of "last mile" broadband access from the service provider to customers is cumbersome, since high data rates must be retained over existing wired infrastructures. Whereas a lot of attention has been concentrated on wireline broadband access techniques such as copper line, coaxial cable, xDSL [1] and cable modems [2] , fixed wireless broadband access appears as an appealing solution, both for service providers and end-users, due to flexibility y, easiness of system deployment and fast flow of revenues. The ability to support high data rates in broadband wireless networks depends drastically on the availability and aggressive reuse of radio spectrum in all locations, as well as the use of efficient multiple access and signaling schemes. Intensive spectrum reuse guarantees achievability of high transmission rates, while appropriate multiple access techniques lead to efficient and flexible resource sharing and mitigate the impact of wireless channel impairments on system ca- 
In order to ensure acceptable signal at a user's receiver, the SINR must exceed a certain threshold -y.
B. Modulation level
Each user i has bit rate requirements ri (in bits/see), which must be satisfied by the resource assignment algorithm. These requirements are translated into a number of bits xi transmitted in a carrier frame, so that xi = riTf. We assume that xi is a priori known for each user i. Although the allocation is performed here on a frame basis, the algorithm is also applicable when user requirements are available over larger time intervals, e.g. several successive frames, which would be easier to implement in a real system. To achieve rate requirements, a user i is assigned a number of channels (timeslots) ni, a modulation level bi (bits/symbol) and a symbol rate Si (symbols/see) for transmission. The transmission parameters are selected from a finite L-element set M of available constellations and a finite set of available symbol rates respectively. Depending on processing capabilities of the system and implementation complexity, the same or different modulation levels and symbol rates can be assigned in different channels of a user. In our study, we assume that a fixed number of symbols, K, are transmitted in a timeslot duration. In other words, symbol rate is assumed to be constant and identical for all users, so that symbol rate adaptation is not an issue.
When modulation level bi is fixed for all ni channels of user i, we have
and when different modulation levels are utilized in different channels of user i, we have (4) where ni,e is the number of timeslots of user i, in which modulation level bg c M is assigned. In our algorithm, we adopt the latter approach, namely we allow the assignment of different modulation levels in different channels of a user. In order to maintain a constant BER for a user regardless of the quality of the channel, different modulation levels can be employed for different SINR values. Each modulation level bj c M demonstrates different amount of robustness to interference and therefore it can be mapped to a SINR threshold value~j through an one-to-one strictly increasing function~, such that~j = f(bj). Higher modulation levels are more sensitive to interference and are thus mapped to higher SINR thresholds, which tend to be violated easier in the event of channel errors.
Although the utilization of a TDMA/TDD channel access scheme is implied in this study, the principles of the proposed algorithms can be extended to other multiple access and signaling schemes with orthogonal channels. For example, in a network which supports OFDMA signaling, the orthogonal channels are essentially the subcarriers over which the information symbols of users are transmitted. A user may utilize several subcarriers in order to satisfy the rate requirements.
An additional restriction here is that the assigned powers of subcarriers must satisfy certain constraints, which reflect transmitter/receiver hardware limitations. In a CDMA-based system, the orthogonal channels are paralIelized to the orthogonal signature sequences, that constitute the codes to be allocated to users.
III. When a high modulation level is assigned to a user in a channel, the throughput for that user is increased, since more bits are transmitted in the channel. If high modulation levels are assigned for every channel of this user, the user will occupy fewer channels in order to satisfy the rate requirements. As a result, more users can be accommodated in the system and capacity is increased. However, the assignment of high modulation levels does not allow high resource reuse,
i.e. not many users can share the same channel, since these modulation levels are more vulnerable to interference. To avoid cochannel interference, distinct channels must be utilized as a rule. From that point of view, high modulation does not contribute to capacity enhancement. On the other hand, a low modulation scheme implies that a small number of user bits is transmitted in a channel. A user with low modulation levels consumes more resources to satisfy the requirements and thus fewer users can be accommodated in the system. However, a low modulation level allows greater channel reuse by allowing more users to be '(packed" in the same channel, since it is more robust to interference.
Therefore, low modulation may increase system capacity, if viewed from that aspect.
Clearly, there exists a tradeoff between attainable throughput per channel and degree of resource (channel) reuse. The question that arises is how can modulation level assignment and channel allocation be performed jointly, so as to achieve high resource reuse and augmented throughput per channel and ultimately increase system capacity. In other words, we want to identify the set of cochannel users which achieves 0-7803-7016-3/01/$10.00 ©2001 IEEE We address the problem of resource allocation with modulation level and transmission power control in order to enhance system capacity and we propose a centralized algorithm to achieve this goal. The main idea of the algorithm is the following: for every available channel in the system, we allow the assignment of as many users as possible, performing simultaneously modulation level adaptation and power control, whenever the latter is allowed.
The ultimate objective is to find the set of cochannel users that yields the maximum aggregate throughput in a channel. Since rate requirements of users are given, maximization of the aggregate throughput per channel is equivalent to minimization of the required number of channels to satisfy all users.
B. Rationale of the proposed algorithm
Before proceeding with the description of the algorithm, we state the motivation and present the main parameters and heuristics that are utilized. We first consider the case when power control is not involved.
Fix attention
to a single channel. The set of cochannel users has cardinalit y at most M, since at most one user from each base station can be included in the channel. The identification of the set of cochannel users which yields the maximum aggregate throughput for this channel is a hard optimization problem. It first involves the selection of a particular user (if any) from each base station, Once the cochannel set is determined, the maximum sustainable modulation level must be obtained for each user. The difficulty lies in the fact that this modulation level of a user depends on the number and identities of the other base stations transmitting to users in the cochannel set, i.e. it depends on the cochannel set itself.
Let us assume for simplicity that each base station offers coverage to S = IV/Al distinct users, so that a total of IV users exist in the system. In particular, let Si = {(i-l)S +1, (i-l)S+2,..., iS} denote the set of indices of users in base i, for i = 1,, ... M.
An assignment of users in the cochannel set is specified by a vector [al, az,. 
. Then the problem of identifying the cochannel set of users that entails the maximum throughput can be formally stated as follows: subject to:
where bai (k) is the maximum achievable modulation level for user at(k), which is selected from set Sa according to assignment k c K and yai (~) is the SINR threshold for that user, which depends on the modulation level,
Once an assignment~is given, the maximum modulation level b~,~k) can be found for all i, Assuming that each modulation "~evel b is mapped to a SINR threshold y through function j, so that T = j(b), we have and the maximum aggregate throughput per channel is the sum of throughputs of the individual users. Since the enumeration of all user assignments is of exponential complexity, it is desirable to design a heuristic algorithm to construct the cochannel set of users in a sequential manner and obtain a high total throughput per channel.
C. Description of the proposed algorithm
The key idea of the algorithm is to "pack" as many users as possible in a channel, while enabling each user to achieve high throughput in it, i.e. use high modulation level. The order in which users are inserted in the channel is crucial: since the modulation level of a user is related to the amount of tolerable interference from other cochannel users, this interference must be kept to a minimum during the insertion procedure. 
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where Ut is the set of users which are already assigned to channel t and B1 is the set of neighboring base stations that transmit to users in channel t and cause interference to user m. Among all candidate users, we would like to assign the user that receives a strong signal and causes or receives the minimum interference in the channel. This is accomplished by selecting the user with the highest SIF factor. Note that in the first step of the algorithm, when the channel is empty, the SIF factor for a user m is F",~= Gi~~. This means that the first user to be inserted in the channel is the one with the strongest received signal. Assume now that user m is tentatively inserted in the channel. Upon insertion, the SINR threshold of m may be violated because of the interference from other bases that transmit to users already assigned in the channel. It is also possible that SINR thresholds of some already existing users are violated by the insertion of this new user. In that case, users may coexist in the same channel, if we reduce the modulation levels of one or more users, so as to render them more robust to interference. The expense is then that user throughput for that channel is decreased. The addition of a user in the channel is beneficial if the decrease in channel throughput because of violated users is less than the throughput contribution of the new user, If the amount of induced interference of this tentative insertion is very high, the resulting channel throughput after the insertion may be lower than before. The coexistence of all users in the channel may also be infeasible even with the lowest modulation levels. Therefore, a user is eligible for insertion in the channel if channel throughput is incremented. In fact, the most desirable user is the one for which the throughput increase is maximized.
In order to formalize these considerations, for a channel 1 and user m, we define b~,m to be the maximum modulation level of user m, so that the SINR requirements of this user 
Clearly, a user with high ITF factor is preferable for assignment in the channel, because channel throughput is increased. Since the inclusion of a user must not reduce the already achieved throughput of the channel, the assignment algorithm should terminate when Te,n <0 for all remaining users n. We note that if the assignment of user m in channel 1 is infeasible even if the lowest modulation level is used for all users, then Te,~is set to -ccI by convention.
If m is the first user to be inserted in 1, then Te,~= bL.
Efficient allocation in a channel pertains to inserting users which cause the least interference to other users in the channel, receive the least interference from them and have the maximum contribution in throughput enhancement.
To capture this objective, we define the Channel Preference Factor (CPF) Pl,~for each channel 1?and user m as, P~,~= Fe,~. Te,~.
Thus, among users which cause or receive the same amount of interference, the one that yields the greatest throughput enhancement is preferable to join the channel. Moreover, among users which cause the same increase in throughput, the user with the smallest amount of received or induced interference is inserted in the channel.
The algorithm considers the first available channel, selects the user with the maximum CPF factor from the list of candidate users and inserts the user in the channel. Candidate users must be served by bases different than the ones serving users in the channel. After every assignment, the CPF factors Pe,~of candidate users are updated and the procedure is repeated until ITF factors Te,~<0 for all users m in the list of candidates, or until the list is empty.
After the assignment for a channel 1 is completed, the same assignment is replicated for a number of consecutive channels Step 6, otherwise go to Step 3.
. STEP 6 : The assignment procedure for one channel is completed.
Apply the same user assignment to D4 channels, as in (12) In the end, all users are assigned modulation levels and channels, so as to satisfy their rate requirements.
In general, different modulation levels are used in different channels of a user. However, for users whose requirements are first satisfied in Step 6 above, the same modulation is used in all channels.
IV. RESOURCE ALLOCATION WITH MODULATION AND POWER CONTROL
In the previous section we presented an algorithm that 
A. Problem formulation
Consider an assignment k E K of n users in channel l?, with n < M. Then, the path gain matrix G = {Gij } for this assignment will be a n x n square matrix. 
A modulation vector b is said to be achievable in the cochannel set of the n users if there exists a power vector P, such that the SINR constraints for all n users in the channel are satisfied. Condition (13) is written as
where Zij = Gij /Gjj. In matrix form we have, 
In [7] , the problem of deriving the maximum achievable SINR threshold 7* for a cochannel set of users with one SINR threshold was studied. It was shown that,
where~' is the largest real eigenvalue of matrix Z. The power vector P* achieving this maximum SINR is the eigenvector of Z corresponding to eigenvalue A*. In our case, the problem of checking whether a given modulation vector b is achievable for a cochannel set of users is identical to that of finding the maximum positive eigenvalue of matrix % Since % is a non-negative matrix, it has exactly one real positive eigenvalue A*, for which the corresponding eigenvector is positive.
Therefore, if A* <1, then inequality (15) (12), until the requirements of one user are fulfilled.
Update remaining rate requirements for users.
q STEP 9: Consider the next available channel and repeat from
Step 1, until requirements of all users are satisfied.
The computationally intensive part of the algorithm is the determination of the eigenvalues of the n x n matrix G for a set of n cochannel users. This is known to be of complexity 0(n3).
For itf base stations, IV users and L modulation levels, the complexity of the algorithm for assignment in one channel is O (LN2M3).
V. SOME SIMPLE
SPECIAL CASES
In this section we consider some simple cases of modulation level and power control and derive simplified versions of the proposed algorithms. The performance criterion is again the number of utilized channels. Consider a system with two base stations. Let Ui be the set of users assigned to base i, for i = 1,2. Then, at most two users can share the same channel.
To minimize the number of channels required for all users, one has to identify the maximum number of pairs of users from different bases, so that each pair shares a channel. The problem is equivalent to a maximum matching problem on an appropriately defined graph. In the following, we consider some instances of this problem.
A. One modulation level
Assume that a single modulation level b with SINR threshold~is used for all users. The number of channels for user i with rate requirements ra is,
Construct a bipartite graph G = (U U V, E) as follows.
Create one node for each required channel of a user. Thus, Iul = &T1 ni and IVI = &u, ni. An edge (i, j) is added between nodes i E U and j E V (denoting channels of users a q UI and /? 6 U2 respectively) if the SINR thresholds of these users are satisfied, i.e. if 'in{%%}" (19) so that these users can coexist in the same channel. A matching M in a graph G is a subset of edges of G, such that no two edges in JU share the same node.
Every edge in JM is called a matched edge. A maximum matching M* is a matching of maximum cardinality.
As an extension to a theorem stated in [17], we have that: For one modulation level, the minimum number of channels required to accommodate users belonging to one of two base stations is equal to the cardinality of a maximum matching in the corresponding bipartite graph plus the number of nodes that are not incident to a matched edge.
The optimal assignment is as follows. Each edge in M" corresponds to two channels of a cochannel pair of users. Assign each such pair to a separate channel. Then, for each user that corresponds to a node that is not incident to a matched edge, consider a separate channel and assign the user to it.
B. Multiple modulation levels
Assume now that multiple modulation levels bl, b2, . . . bã re used. Then, the exact number of required channels for a user is not known a priori and therefore the maximum matching method is not applicable.
Instead, the modulation level assignment will be performed on a per channel basis, with a procedure similar to that presented in section III.
The goal is to create cochannel sets with pairs of users that use high modulation levels. For each pair of users (i, j), with i E U1 and j c U2, we define a weight w(i, j) = bi+bj, where bi, bj are the maximum modulation levels of users i and j, such that they can coexist in a channel. In other words,
For each user k we define weights w(k) = bL, since the maximum modulation level is used when a single user occupies a channel. Clearly, assignment of one user with modulation bL to a channel is more beneficial than assignment of two users i and j, if interference between i and j causes modulation levels bi and bj to be such that bi + bj < bL.
The weights w(k) for user k and w(i, j) for a pair of users (i, j) are ordered together in non-increasing order. The idgorithm selects the pair of users (i*, j* ) (or single user k*) with the maximum weights w (i*, j") (or w(k' )) and assigns it to a channel. Let a pair of users (i*, j" ) be selected. The same as- is again to create cochannel sets with pairs of users that use high modulation levels. As in the previous problem, for a user k we define a weight w(k) = bL, accounting for the case when k is assigned alone in a channel without power control. For each pair of users (i, j) with i E U1 and j~U2, we define a weight w(i, j) = b;+ bj, where bi, bj are the maximum achievable modulation levels of users i and 3, i.e. the maximum modulation levels for which there exist powers P1 and P2, so that users can coexist in a channel. Thus, or, in a more compact form,
The assignment is then achieved by an algorithm similar to that described in the previous subsection.
VI. NUMERICAL RESULTS

A. Simulation settings
We consider a cellular network in an area of 8 x 8 km with 16 base stations, as illustrated in Figure (23) where do = 10 m is used as a reference point in measurements (L(do) = O dB) and K is the path loss exponent, which is set to 4. Shadow fading for each user is modeled as an independent log-normal random variable with standard deviation o = 10dB, while multipath fading is not simulated. The path gain matrix G is constructed by applying this model for each pair of base station and user.
A target BER of 10-3 is assumed for users. For an ikf-QAM constellation in an AWGN environment, the BER performance is approximated by [19] 
where T is the SINR. We find that the minimum SINR value for modulation level M is T= -~ln(5BER) .
This relation determines the SINR threshold for a partif;ular modulation level.
B. Comparative results
The main goal of the simulations is to study the performance of different adaptive transmission techniques. The following schemes are evaluated:
. Resource allocation with adaptive modulation. This is the proposed algorithm of section III. It refers to joint channel assignment and modulation level control, with the objective to maximize channel throughput.
. Resource allocation with adaptive modulation and power control. This algorithm was presented in section IV and includes joint consideration of channel assignment, modulation level adaptation and base station transmission power control to form the cochannel set of users.
. Resource allocation with power control and a fixed modulation level. This technique is the classical power control proposed by Zander in [7] , and uses the concept of SINR balancing for cochannel users. The assignment of users in a channel is again performed in accordance to the induced/received interference criterion for comparison purposes.
The main performance criterion is the average throughput per channel. Results were obtained by averaging over carriers of all cells and over 100 random experiments with different user locations. Link conditions were assumed to be stationary for the duration of a frame, that is during the assignment procedure. Figure 2 illustrates the cumulative distribution function of the throughput per channel for each of the three methods above. When modulation control was considered, a scheme with six modulation levels was utilized, otherwise a fixed modulation level (the highest) was used. For a sy,tem with 16 base stations, the maximum achievable throughput per channel in perfect channel conditions is 96 bits, since at most one user per base station can be included in a channel. The power control scheme turns out to provide the lowest throughput per channel, whereas the performance of modulation control is significantly better. For example, consider a channel throughput value of 60 bits, which accountx for a percentage of 60% of channel utilization under certain interference limitations. With modulation level adaptation, more than half of the channels (about 54% of them) achieve or exceed this throughput, which is an indication that resources are utilized efficiently.
Joint application of modulation and power control results in a small further improvement (approximately 58% of the channels reach or exceed the aforementioned throughput). Note that for a power control scheme, the same throughput is achieved by only 20% of the channels.
The best result in terms of throughput is therefore achieved by joint modulation and power control. However, the computational complexity of power control is significantly higher than that of modulation control. In a realistic system, base station power adaptation would require a large number of measurements and feedback information to appropriately adjust power level, Therefore, by following the design guidelines of the proposed algorithm, modulation level adaptation alone can be applied to increase system throughput and maintain complexity at a reasonable level. Figure 3 shows the average throughput per channel as a function of the available number of modulation levels. When k modulation levels are utilized, the assumption is that these are b~, b~-l, . . .~~L -~+1~where~L is the highest modulation level. Simulation results show that the enhancement of an adaptive modulation scheme with power control is beneficial only in the case when a small number (at most four) of modulation levels are used. Consider for example the case when one (the highest) modulation level is used, which can be applied in real systems, in order to increase system throughput.
Joint modulation and power control can then achieve up to 55% more throughput than plain modulation control (note that the term "modulation control" in this case is redundant). Therefore, there is considerable throughput gain in a real system with a fixed modulation level and power control. In that case, however, this throughput improvement is counterbalanced by the amount of complexity of power control implementation.
With the addition of the immediately lower modulation level, the throughput for the joint control approach is about 20% larger than that of simple modulation control.
The addition of more lower modulation levels to the adaptive modulation scheme improves throughput performance further and makes it converge to that of joint modulation and power control. We also observe that the contribution of multiple modulation levels to system throughput increase is marginal.
In Figure 4 , the throughput performance of the three adaptive schemes is shown as a function of the severity of the interference environment, which is reflected in the average SINR of all users. Random user positions were generated and the received useful signal and interference were measured, before the algorithm takes effect. A low SINR corresponds to users located far from base stations or users receiving high interference. Simulation results show that adaptive modulation alleviates the effect of interference and that throughput performance is remarkably better than the one achieved with power control.
For instance, for an average SINR of 5 dB, the achieved throughput per channel for modulation control is double as the throughput for power control, This demonstrates the fact that modulation adaptation can be very effective in intense interference environments, Power control alone cannot provide sufficiently good throughput, because of the involved SINR balancing concept, which is not applicable for cases of high interference. For milder interference conditions (i.e. higher SINR values), the difference in performance becomes less evident, since all algorithms combat interference and perform efficient resource assignment. Joint modulation and power control always achieves the highest throughput per channel and therefore the highest capacity in the system.
VII. DISCUSSION
In this paper, we considered the problem of resource allocation with adaptation of modulation level and transmission power, with the objective to achieve high throughput under certain interference conditions. The determination of the optimal solution in terms of the amount of utilized resources is a hard optimization problem.
In section V, simplified algorithms were devised for a system with two base stations, by identifying all pairs of users that can share a channel and selecting the pairs that achieve high chamnel throughput. In a network with many base stations and users, the corresponding task would be to identify all possible subsets of users that can share a channel and then consider all possible combinations of modulation levels of users in order to find the subset which results in maximum throughput per channel. Clearly, such a procedure becomes intractable for a large system. Therefore some heuristic algorithms along the lines of the simplified methods must be applied, so that their solution will approximate the optimal one and will provide performance bounds for more general algorithms.
Such a heuristic algorithm for resource allocation and modulation control is proposed in section III and is enhanced with power control in section IV. Simultaneous application of both adaptation schemes achieves the highest throughput per channel, while autonomous modulation control also performs remarkably well. The algorithms are centralized in the sense that base station coordination, data processing and required allocations are performed by a central agent.
Thus, the amount of signaling information and processing load would be very high, particularly for a large system. Therefore, the proposed algorithms aim to provide an insight on accomplishment of such allocation methods, approximate performance bounds and create the baselines for the design of more general algorithms.
An interesting topic for investigation would be to devise the distributed version of such algorithms, which would reduce the amount of coordination between bases and would be easier to implement in real time.
Although the proposed algorithms were studied for a TDMA/TDD channel access scheme, the basic principle can be applied in systems that support different signaling schemes, in which orthogonality of channels is implied. For example, in an OFDMA-based system with orthogonal subcarriers and users with certain rate requirements, users transmit information symbols by using a certain number of subcarriers in parallel. The presented idea can be applied here to perform user allocation with modulation level and power control per sub carrier, so as to maximize sub carrier reuse and system capacity. However, some algorithmic arguments may need to be reconsidered, due to the sub carrier power constraints, that reflect transmitter and receiver hardware limitations.
In a CDMA system with orthogonal signature sequences (codes), users achieve their rates by using one or more codes. Interference occurs between users that share 0-7803-7016-3/01/$10.00 ©2001 IEEEthe same code and the SINR of a user depends on the user's processing gain (namely transmission symbol rate, if the chip rate is fixed) and power level. The equivalent problem would be to assign codes to users and perform processing gain and transmission power adaptation on a per code basis in order to improve system capacity. VO1.14, no.3, PP.632-643, May 1996 . 
